Hepatocyte growth factor (HGF) and its receptor c-Met are associated with increased aggressiveness of tumors and poor prognostic outcome of patients with cancer. Here, we report the development and characterization of therapeutic anti-HGF (aHGF)-Nanobodies and their potential for positron emission tomographic (PET) imaging to assess HGF expression in vivo. Two aHGF-Nanobodies designated 1E2 and 6E10 were identified, characterized, and molecularly fused to an albumin-binding Nanobody unit (Alb8) to obtain serum half-life extension. The resulting Nanobody formats were radiolabeled with the positron emitter zirconium-89 ( 89 Zr, t1/ 2 ¼ 78 hours), administered to nude mice bearing U87 MG glioblastoma xenografts, and their biodistribution was assessed. In addition, their therapeutic effect was evaluated in the same animal model at doses of 10, 30, or 100 mg per mouse. The 89 Zr-Nanobodies showed similar biodistribution with selective tumor targeting. For example, 1E2-Alb8 showed decreased blood levels of 12.6%ID/g AE 0.6%ID/g, 7.2%ID/g AE 1.0%ID/g, 3.4%ID/g AE 0.3%ID/g, and 0.3%ID/g AE 0.1%ID/g at 1, 2, 3, and 7 days after injection, whereas tumor uptake levels remained relatively stable at these time points: 7.8%ID/g AE 1.1%ID/g, 8.9%ID/g AE 1.0%ID/g, 8.7%ID/g AE 1.5%ID/g, and 7.2%ID/g AE1.6%ID/g. Uptake in normal tissues was lower than in tumor, except for kidneys. In a therapy study, all Nanobody-treated mice showed tumor growth delay compared with the control saline group. In the 100-mg group, four of six mice were cured after treatment with 1E2-Alb8 and 73 days follow-up, and three of six mice when treated with 6E10-Alb8. These results provide evidence that Nanobodies 1E2-Alb8 and 6E10-Alb8 have potential for therapy and PET imaging of HGFexpressing tumors.
Introduction
Hepatocyte growth factor (HGF), also known as scatter factor, is secreted as a single-chain, inactive polypeptide by mesenchymal cells, and is cleaved by serine proteases into a 69-kDa a-chain and 34-kDa b-chain (1) (2) (3) . HGF is the only known ligand for the c-Met receptor. The c-Met receptor is expressed during embryogenesis and adulthood in the epithelial cells of many organs like liver, prostate, pancreas, muscle, kidney, and bone marrow. In tumor cells, c-Met activation triggers diverse series of signaling cascades resulting in cell growth, proliferation, invasion, metastasis formation, and escape from apoptosis (3) . Overexpression of HGF and c-Met is associated with increased aggressiveness of tumors and poor prognostic outcome of patients with cancer (www.vai.org/ vari/metandcancer; ref. 4) . HGF and c-Met expression have been observed in most solid tumors. Blocking the soluble factor might be a beneficial strategy over blocking the c-Met receptor, as HGF is expected to be highly expressed in the tumor only, is easily accessible for Nanobodies, and is the only know ligand for the c-Met receptor. The possibility for success with targeting soluble factors has been illustrated with the anti-VEGF antibody bevacizumab (5) .
The last decades several pharmaceutical companies have been actively involved in the development of therapeutic tyrosine kinase inhibitors and monoclonal antibodies (mAb) that antagonize c-Met activation. At least 16 agents have been or are being evaluated in the clinic at the moment, as reviewed by Liu and colleagues (6) . To their and our knowledge, 3 anti-HGF (aHGF) mAbs are under clinical development at the moment, including AMG102 (rilotumumab), a humanized antihuman HGF IgG2 from Amgen, AV-299 from Schering/Aveo, and TAK-701 from Millennium.
In the present study, we introduce aHGF-Nanobodies. Nanobodies are derived from a unique antibody format that is present in species from the family of Camelidae, including llama, camel, and dromedary. These animals contain, besides their conventional antibody repertoire, an antibody class consisting of heavy chain-only antibodies (7) (8) (9) . The variable region of the heavy chainonly antibodies (VHH) represents the complete binding unit of the antibody and is also termed Nanobody (Nanobody is a registered trademark of Ablynx NV). Unique features of the Nanobody technology platform in comparison to conventional mAb technology are rapid drug development, biophysical, and chemical robustness and the potential to target intractable targets for antibodies including G-protein-coupled receptors (GPCR) and ion channels (9) . Particularly attractive is the ability to design modular drugs based on 15-kDa Nanobody building blocks combined with each other, with other protein domains or with other molecules or drugs. Nanobodies have been combined in a wide range of formats, including multivalent (multiple Nanobodies with identical-binding sites for the same antigen; refs. 10, 11), biparatopic (2 Nanobodies binding to 2 different epitopes on the same antigen; refs. 12, 13), and bispecific (Nanobodies binding to 2 different antigens; refs. 13, 14) molecules. These formats are easy to construct and the modular proteins can often be expressed at high levels in bacteria or yeast. As a result of this formatting flexibility, the range of therapeutic applications for Nanobodies seems to be beyond that possible for conventional antibodies and antibody fragments. Nanobodies can also be tailored for a half-life varying from less than 2 hours up to a few weeks, by choosing from a wide range of half-life extension technologies. This versatility increases the number of therapeutic options available to Nanobodies ranging from acute to chronic indications where a monthly or bimonthly dosing regimen may be desirable.
Initial biodistribution studies with monospecific anti-EGFR (aEGFR)-Nanobodies in tumor-bearing mice showed, as expected, rapid blood clearance with a serum half-life time of less than an hour and low tumor uptake (15) (16) (17) . Therefore, monospecific Nanobodies do not seem to be qualified for long-term blockage of growth factors and their receptors. Improvement of the pharmacokinetic and dynamic properties of otherwise short-live molecules can be achieved by fusing an anti-albumin unit (aAlb) to the Nanobody, as described by Tijink and colleagues (18) . They compared the biodistribution of a bivalent aEGFRNanobody (aEGFR-aEGFR) with a trivalent Nanobody construct containing the aAlb-unit (aEGFR-aEGFRaAlb) in nude mice bearing A431 tumors. Tumor uptake of aEGFR-aEGFR-aAlb was significantly higher than of aEGFR-aEGFR: 35.2%ID/g AE 7.5%ID/g vs. 5 .0%ID/g AE 1.4%ID/g. What is more, biodistribution of aEGFRaEGFR-aAlb (50 kDa) was comparable with cetuximab (150 kDa), while it showed faster and deeper tumor penetration. The therapeutic potential of aEGFR-Nanobodies in comparison with conventional aEGFR mAbs was shown by Roovers and colleagues (13) .
In the present study, we developed and characterized 2 aHGF-Nanobodies 1E2-Alb8 and 6E10-Alb8 for their capacity to inhibit binding of HGF to the c-Met receptor and for their potential in diagnosis and therapy of cancer. After labeling with the positron emitter zirconium-89 the Nanobodies were evaluated in biodistribution studies in nude mice bearing U87 MG glioblastoma xenografts. Besides that, aHGF-Nanobodies were tested as therapeutic agents in the same animal model.
Materials and Methods
Details of production and selection of aHGF-Nanobodies are presented in the Supplementary Materials.
Selective binding of Nanobodies to human HGF in ELISA Nanobody-containing periplasmic extracts were analyzed for their ability to bind HGF. HGF (294-HG/CF, R&D systems) was coated on ELISA plates at 2 mg/mL. Plates were washed and subsequently blocked using PBS with 1% casein. Periplasmic extracts of individual clones, prediluted 1:10 in PBS/1% casein/0.05% Tween, were added and plates were incubated at room temperature for 2 hours. Binding to immobilized HGF was detected using mouse anti-c-Myc mAb, followed by a horseradish peroxidase-conjugated rabbit-antimouse (human and bovine serum protein preabsorbed) mAb for detection. Individual clones were scored as putative HGF binders if the clones showed high-optical densities in the assay. Overall, more than 90% of the clones were able to bind HGF.
Kinetic measurement Nanobody-antigen K d values
Kinetic (k a and k d ) and affinity constants (K d ) of individual purified Nanobodies were determined by surface plasmon resonance on a Biacore T100 instrument. Human HGF (R&D systems) was amine coupled to a CM5 sensor chip at a density of 2,500 relative units. Remaining reactive groups were inactivated with ethanolamine. Nanobody binding was assessed at varying concentrations ranging from 500 to 15 nmol/L. Each sample was injected for 2 minutes at a flow rate of 45 mL/min to allow binding to chip-bound antigen. Next, binding buffer without Nanobody was sent over the chip at the same flow rate to allow dissociation of bound Nanobody. After 10 minutes, remaining bound analyte was removed by injecting regeneration solution (1 mol/L NaCl, 50 mmol/L NaOH). Binding-dissociation curves were used to calculate K off values.
Receptor-ligand-binding assay
Serial dilutions of purified Nanobodies were analyzed for their ability to block the interaction of human HGF with c-Met-Fc by the AlphaScreen assay (PerkinElmer). In brief, 5 mL of prediluted individual Nanobody clones were incubated with 3 nmol/L biotinylated HGF, 2 nmol/L c-Met-Fc, streptavidin-coated donor beads, and antihuman IgG1 Fc Nanobody covalently coupled 
Functional cell assays: proliferation assay
BxPc3 cells were seeded in cell culture E-plates at a cell density of 10,000 cells per well and incubated overnight in culture medium at 37 C and 5% CO 2 . Cells were then starved with medium containing 1% ITS (insulin, transferrin, and selenium) for 4 hours after which 0.6 nmol/L HGF was added together with serial dilutions of Nanobodies 1E2-Alb8 and 6E10-Alb8. The cell growth curves were automatically recorded on the xCELLigence System (Roche Applied Sciences) in real-time. The cell index was followed for 3 days.
Preparation of 89 Zr-1E2-Alb8 and 89 Zr-6E10-Alb8 For preparation of the 89 Zr conjugates, the 89 Zr was coupled to the Nanobody by use of the bifunctional chelate p-isothiocyanatobenzyl desferrioxamine (Df-Bz-NCS, catalog no. # B705; Macrocyclics), essentially as described by Vosjan and colleagues (19) .
Quality control of 89 Zr-1E2-Alb8 and 89 Zr-6E10-Alb8
All radioactive conjugates were analyzed by instant thin-layer chromatography to determine the labeling efficiency and radiochemical purity. The integrity of the Nanobody was analyzed via size exclusion chromatography by high-performance liquid chromatography (HPLC) and SDS-PAGE followed by phosphor imager analysis (Storm820; GE Healthcare). Immunoreactivity was determined by a HGF-coated ELISA essentially as described by Collingridge and colleagues (20) .
Biodistribution study
The distribution of 89 Zr-labeled aHGF-Nanobodies was examined in nude mice (HSD: Athymic NudeFoxn1 nu , 20-30 g; Harlan Laboratories) inoculated subcutaneously with 2 Â 10 6 U87 MG cells at 2 lateral sides. These animal experiments were done according to NIH Principles of Laboratory Animal Care and Dutch national law (Wet op de dierproeven, Stb 1985, 336).
Mice bearing U87 MG xenografts (size, $100 mm 3 ) were injected with 0.37 MBq 89 Zr-Df-Bz-NCS-1E2-Alb8 or 0.37 MBq 89 Zr-Df-Bz-NCS-6E10-Alb8 via the retro-orbital plexus. Unlabeled Nanobody was added to the injection mixture to obtain a final dose of 30 mg per mouse. At 1, 2, 3, or 7 days after injection, 5 mice per group were anesthetized, bled, killed, and dissected. Blood, tumor, and normal tissues were weighed and radioactivity was measured in a gamma counter (Wallac). Radioactivity uptake for each sample was calculated as the percentage of the injected dose per gram of tissue (%ID/g).
In addition, a Nanobody dose-diminishing study was conducted. To this end, 5, 10, 20, and 30 mg of 89 Zr-labeled 1E2-Alb8 (0.23-0.83 MBq) was injected in mice bearing U87 MG xenografts, and at 3 days after injection 5 mice per group were examined as described earlier.
Blood kinetics
Blood concentrations of aHGF-Nanobodies were examined in 2 groups of 2 mice. One group of tumor-bearing mice received 0.37 MBq Zr-1E2-Alb8 (30 mg) whereas the other group received 0.37 MBq 89 Zr-6E10-Alb8 (30 mg). Blood was collected at 1 and 3 hours and at 1, 2, 3, and 7 days after injection by tail laceration, and radioactivity was measured in a gamma counter. Radioactivity for each sample was calculated as %ID/g.
Therapy study
The therapeutic effectiveness of the aHGF-Nanobodies was studied in the same nude mice model as described for the biodistribution study. For this purpose, 7 groups of 6 mice with established U87 MG xenografts were used. The mean tumor size at the start of the study was approximately 100 mm 3 and was similar for the different treatment groups. All mice received i.p. treatment 3 times a week for 5 weeks. Group 1 was the control group and received 200 mL of saline solution per treatment. Group 2, 3, and 4 received 10, 30, and 100 mg of Nanobody 1E2-Alb8, respectively. Group 5, 6, and 7 received 10, 30, and 100 mg of Nanobody 6E10-Alb8, respectively. Body weight and tumor volume were measured 3 times a week up to 73 days after end of treatment.
Statistical analysis
Biodistribution and therapy experiments were statistically analyzed with SPSS 15.0 software using Student t test for unpaired data. Two-sided significance levels were calculated, and P < 0.01 was considered statistically significant. Survival was calculated using Kaplan-Meier curves.
Results
Generation and characterization of aHGFNanobodies 1E2 and 6E10
To obtain antagonistic Nanobodies specific for HGF, phage Nanobody repertoires were synthesized from peripheral blood lymphocytes from llamas immunized with HGF. After panning to immobilized HGF, single clones were screened as periplasmic extracts for HGF reactivity by ELISA. Approximately 90% of the clones tested were found to bind HGF. In a next step, their potential to inhibit HGF/c-Met interaction was assessed in an AlphaScreen and resulted in a final panel of 12 clones, which showed good inhibition of the HGF/c-Met interaction. Using a Biacore T100, we analyzed the affinity of the Nanobodies to HGF. On the basis of these analyses, Nanobodies 1E2 and 6E10 were selected from this panel for further characterization. These selected Nanobodies inhibited binding of HGF to c-Met with IC 50 values in the low nanomolar range (1.8 nmol/L for 1E2 and 3 nmol/L for 6E10 Nanobody) though 100% inhibition was not achieved. The kinetic parameters of Nanobody-antigen showed that both Nanobodies displayed low nmol/L affinity constants (1.36 nmol/L for 1E2 and 1.14 nmol/L for 6E10 Nanobody).
Reformatting of Nanobodies for in vivo use and in vitro characterization of these formats
To increase the in vivo half-life of the aHGF-Nanobodies, bispecific formats were generated whereby the aHGF-Nanobodies were genetically linked to a Nanobody with specificity to serum albumin (Alb8). These bispecific Nanobodies were produced as Myc-His6 tagged proteins in Escherichia coli and analyzed for their potential to neutralize HGF-mediated c-Met phosphorylation. A549 cells do not express HGF; thus, this assay mimicked a paracrine model of ligand-mediated receptor activation. When Nanobody 1E2-Alb8 or 6E10-Alb8 was introduced into HGF-containing medium before addition to the cells, c-Met phosphorylation was inhibited in a dose-dependent manner though less efficient than control anti-c-Met 5D5 Fab (Fig. 1A) .
We next measured inhibition of HGF-induced proliferation of Bx-PC3 cells. Also here, a dose-dependent inhibition was observed when the Nanobodies were added to the Bx-PC3 cells in culture, but also here inhibition was less efficient than with the anti-c-Met 5D5 Fab control (Fig. 1B) .
Radiolabeling and quality control of 89 Zr-1E2-Alb8 and 89 Zr-6E10-Alb8 Labeling of both Nanobodies with 89 Zr resulted in overall labeling yields of 75% to 90%, after PD-10 column purification. Radiochemical purity was always more than 97%. Integrity of the Nanobodies was optimal as determined by HPLC and SDS-PAGE. Immunoreactivity of 89 Zr-1E2-Alb8 and 89 Zr-6E10-Alb8 was similar to that of the reference 131 I-labeled aHGF-Nanobodies ($50%).
Biodistribution study
For biodistribution studies, nude mice bearing U87 MG xenografts were injected with either 89 Zr-1E2-Alb8 or 89 Zr-6E10-Alb8. Biodistributions at 1, 2, 3, or 7 days after injection are shown in Fig. 2 . Both aHGF-Nanobodies showed similar biodistributions with selective tumor uptake, no significant differences were observed (P > 0.01). Whereas blood levels gradually decreased over time, tumor uptake remained relatively stable. Blood levels were 12.6%ID/g AE 0.7%ID/g, 7.2%ID/g AE 1.0%ID/g, 3.4%ID/g AE 0.3%ID/g, and 0.3%ID/g AE 0.1%ID/g for 89 Zr-1E2-Alb8 and 13.1%ID/g AE 0.6%ID/g, 7.4%ID/g AE 0.6%ID/g, 3.5%ID/g AE 0.5%ID/g, and 0.5%ID/g AE 0.1%ID/g for 89 Zr-6E10-Alb8 at 1, 2, 3, and 7 days after injection, respectively. Tumor uptake at these time points was 7.8%ID/g AE 1.1%ID/g, 8.9%ID/g AE 1.0%ID/g, Figure 1 . aHGF-Nanobodies neutralize HGF-mediated cellular functions. A, aHGF-Nanobodies neutralize HGF-mediated c-Met phosphorylation. The percentage inhibition of c-Met phosphorylation was measured over an 8-point dose-response of each Nanobody by an enhanced chemiluminescence assay. B, aHGF-Nanobodies inhibit HGF-dependent growth of PC3 cells. The viability of PC3 cells cultured more than 3 days in the presence of 0.6 nmol/L HGF was measured over an 8-point dose-response of each Nanobody via impedance measurement. Anti-c-Met 5D5 Fab was used as a positive control.
8.7%ID/g AE 1.5%ID/g, and 7.2%ID/g AE 1.6%ID/g for 89 Zr-1E2-Alb8 and 7.5%ID/g AE 0.8%ID/g, 8.8%ID/g AE 1.3%ID/g, 6.5%ID/g AE 2.5%ID/g, and 6.3%ID/g AE 4.0%ID/g at 1, 2, 3, and 7 days after injection, respectively, for 89 Zr-6E10-Alb8. Tumor uptake was higher than in normal organs, except for kidneys. The latter is typical for small proteins, which are rapidly cleared via the kidneys.
Dose-diminishing study
A dose-diminishing study was conducted with 89 Zr-1E2-Alb8 to determine the optimal Nanobody dose for in vivo imaging. Nude mice bearing U87 MG xenografts were injected with 0.32 AE 0.01, 0.47 AE 0.01, 0.47 AE 0.01, or 0.83 AE 0.01 MBq 89 Zr-1E2-Alb8, containing 5, 10, 20, or 30 mg 1E2-Alb8, respectively. Three days after injection, similar biodistribution was seen for all dose groups (Fig. 3) . No significant differences were observed in tumor uptake, being 8.2%ID/g AE 1.2%ID/g, 8.1%ID/g AE 1.3%ID/g, 6.3%ID/g AE 1.7%ID/g, and 6.9%ID/g AE 1.1%ID/g for the 5, 10, 20, and 30 mg dose groups, respectively. High uptake in kidneys was observed for all dose groups. Also no significant differences were observed between the different dose groups (P > 0.01).
Blood kinetics in mice
Blood kinetics of 89 Zr-1E2-Alb8 (30 mg) and 89 Zr-6E10-Alb8 (30 mg) appeared to be similar (Fig. 4) . Blood levels of Nanobody constructs were 41.7%ID/g AE 0.6%ID/g and 35.1%ID/g AE 1.48%ID/g 1 hour after injection for 89 Zr-1E2-Alb8 and 89 Zr-6E10-Alb8, respectively and slowly decreased from 4.3%ID/g AE 0.1%ID/g to 0.3%ID/g AE 0.1%ID/g between 72 and 168 hours after injection for 89 Zr-1E2-Alb8 and from 4.2%ID/g AE 0.1%ID/g to 0.5%ID/g AE 0.1%ID/g for 89 Zr-6E10-Alb8.
Therapy study
Mice receiving Nanobodies showed tumor growth delay in comparison to the control PBS group, whereas no toxicity was observed (Fig. 5A) . Within the treatment period of 35 days all control mice were sacrificed because of the large volumes of the tumors. Mice receiving the lowest dose (10 mg) had minimal benefit whereas the Zr-6E10-Alb8 (B) in nude mice bearing U87 MG xenografts at 1, 2, 3, and 7 days after injection Data are presented as average of 5 animals and SDs. No significant differences in uptake between both Nanobodies were observed (P < 0.01). Zr-1E2-Alb8 10 µg At the end of treatment (day 35) only mice in the intermediate and highest dose groups were alive, and followed till day 108 after start of treatment. At the end of the study 4 of 6 mice (7 of 11 tumors) were cured in the group receiving 100 mg 1E2-Alb8, and 3 of 6 mice (6 of 11 tumors) in the group receiving 100 mg 6E10-Alb8, whereas 3 of 6 mice (5 of 11 tumors) were cured in the group receiving 30 mg 1E2-Alb8. In contrast, all mice in the group receiving 30 mg 6E10-Alb8 faced regrowth of tumors during follow-up (Fig. 5B and C) .
Discussion
Targeting of the HGF/c-Met pathway is considered to be a promising approach for treatment of cancer. Activation of c-Met by its ligand HGF can lead to multiple cellular responses, including invasion, proliferation, and motility. In this study, we described the development of 2 Nanobodies designated 1E2 and 6E10, with low nanomolar affinity for HGF, that have the capacity to inhibit binding of HGF to the c-Met receptor. By genetically linking these aHGF-Nanobodies to a Nanobody unit with specificity for serum albumin (Alb8; refs. 13, 18, 21), 1E2-Alb8 and 6E10-Alb8 were obtained. Nanobodies were radiolabeled with 89 Zr to enable accurate assessment of in vivo biodistribution either by taking biopsies as carried out herein or alternatively by noninvasive positron emission tomographic (PET) imaging as is foreseen in future clinical trials. 89 Zr-1E2-Alb8 and 89 Zr-6E10-Alb8 showed a similar extended serum half-life as has been previously described for aEGFR-Nanobodies (18), with blood levels of 10%ID/g to 15%ID/g at 24 hours after injection. Biodistribution studies also showed selective accumulation . Therapy study with aHGFNanobodies 1E2-Alb8 and 6E10-Alb8 in nude mice bearing U87 MG glioblastoma xenografts (A). Treatment was 3 times a week for 5 weeks. Kaplan-Meier survival curves of nude mice treated with different amounts of 1E2-Alb8 (B) or 6E10-Alb8 (C). Treatment with all Nanobody concentrations caused significant tumor growth delay of the established tumors after day 6 (P < 0.01) and curative responses after treatment with 30 or 100 mg 1E2-Alb8, or 100 mg 6E10-Alb8.
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Molecular Cancer Therapeuticsof 89 Zr-1E2-Alb8 and 89 Zr-6E10-Alb8 in HGF-producing U87 MG xenografts. Besides this, both aHGF-Nanobodies were able to inhibit tumor growth in U87 MG tumorbearing nude mice, and upon treatment by 100 mg i.p. injections, 3 times a week for 5 weeks, cures were observed in 4 of 6 mice with 1E2-Alb8 and in 3 of 6 mice with 6E10-Alb8.
Several therapy studies with aHGF mAbs have been conducted in U87 MG tumor-bearing mice in the past, and this allows ranking of the potency of the aHGFNanobodies described herein. In 2001, Cao and colleagues (22) reported for the first time on HGF-neutralizing mAbs capable for exerting antitumor activity. A mixture of 3 antibodies (200 mg per mouse every day until day 20; i.p. or intratumoral injection) was used for therapy in mice that had been injected one day earlier with C-127 or U118 cells. C-127 are mouse breast tumor cells transformed with human HGF and mouse Met, whereas U118 are human glioblastoma cells showing autocrine HGF production. Inhibition of tumor outgrowth was observed for both cell lines. The same mAb mixture (200 mg per mouse every 2 days until day 10; i.p. or intratumoral injection) also caused tumor growth inhibition in mice bearing established U118 xenografts (average size of 100 mm 3 ), however, no tumor regression or cures were observed. In these studies a mixture of 3 mAbs was used for therapy, because in vitro studies had shown that no single mAb appeared capable of neutralizing the activity of HGF. The authors, therefore, postulated that a minimum of 3 HGF epitopes have to be blocked to prevent c-Met tyrosine kinase activation and to exert antitumor activity.
In 2006, Burgess and colleagues (23) introduced fully human mAbs directed to an epitope in the b-chain of HGF, mAb AMG102 included, which showed inhibition of HGF-driven c-Met phopshorylation and of tumor growth as single agents. For their in vivo experiments they used established xenografts with an average size of 180 mm 3 derived from the glioblastoma cell lines U87 MG and U118, both expressing human HGF and c-Met. The most potent mAb showed significant growth inhibition and tumor regression when administered at a dose of 10 or 30 mg twice a week, and 7 of 10 animals in the 30-mg dose group had no measurable tumor mass at the end of the experiment. Because of the very short follow-up time of 17 days after start of therapy, and the lack of withdrawal from therapy, it did not become clear from these studies whether cures could be obtained like in our studies with the same Nanobody dose in the same xenograft model.
In later studies, the group of Burgess showed the potential of using aHGF therapy in combination approaches for treatment of glioblastoma (24). In the above described U87 MG xenograft model, low doses of AMG102 (3 mg twice a week) enhanced the efficacy of temozolomide or docetaxel. What is more, a first in human phase I trial in patients with advanced solid tumors showed that AMG102 is safe and well tolerated, with a linear pharmacokinetic profile within the investigated dose range (up to 20 mg/kg intravenous every 2 weeks; ref. 25) . Despite the fact that the maximum-tolerated dose was not reached, 16 of 23 evaluable patients had a best response of stable disease with a progression-free survival ranging from 7.9 to 40 weeks. Above data indicate that aHGF-based therapy has clinical potential. Recently, indication was made that the HGF/c-Met pathway is also a therapeutic target in metastatic renal cell carcinoma. Nevertheless, Sch€ offski and colleagues showed that no significant growth inhibition occurred with AMG102 (26) . Similarly, HGF and its receptor c-Met have been implicated in the pathogenesis of glioblastoma, but Wen (27) and colleagues showed in a phase II study that AMG102 monotherapy treatment at doses up to 20 mg/kg was not associated with significant antitumor activity in the selected patient groups.
Besides these mAbs, studies were conducted with the murine mAb L2G7 in 3 different established tumor models including U87 MG (28, 29) . Treatment with 50 or 100 mg L2G7, i.p. twice weekly, was started when tumor volume reached approximately 50 mm 3 and resulted in inhibited tumor growth and regressions. Because of the short follow-up period (till day 40 after injection of cells) and the continuation of therapy during that time period, it is impossible to draw conclusions about cure rates in these studies. L2G7 efficacy was also examined in mice bearing preestablished intracranial U87 MG glioma xenografts. L2G7 (100 mg, i.p., twice weekly) given from days 5 to 52, significantly prolonged animal survival. In control mice, median survival was 39 days and all mice died from progressive tumors by day 41. In contrast, all mice treated with L2G7 survived to day 70 and 80% survived to day 90. At day 91 animals remaining alive were sacrificed and examined for tumor burden. All mice were found to have brain tumors left, which appeared to be consistent with tumor regrowth after withdrawal of L2G7 therapy.
Despite the fact that the aHGF-Nanobodies evaluated in this study did not fully inhibit c-Met-mediated phosphorylation and cell growth in vitro, in vivo these Nanobodies were found capable to give cures. These data indicate that in vitro functional assays are not fully predictive for assessment of the in vivo therapeutic potential of aHGF-targeting ligands. One aspect in favor of Nanobodies in comparison with traditional full-length mAbs is their faster and deeper tumor penetration as was previously observed for the aEGFR-Nanobody formats (18) .
On the basis of the achievements described herein we think clinical evaluation of either 1E2-Alb8 or 6E10-Alb8 is justified. In such studies, the use of 89 Zr-immuno-PET might be of added value. Taking the complexity of signal transduction routes into account, it is uncertain whether a relationship between imaging uptake and response will be seen in patients. What might be seen, however, is a good negative predictive value of imaging, which means that there will most probably be no response when there is no Nanobody uptake in the tumor. In such way imaging might be of value to enrich the patient population that might benefit from aHGF treatment. In addition, imaging might be of value to assess the Nanobody dosage for optimal tumor targeting, the optimal schedule of Nanobody administration, and cross reactivity with normal tissues to anticipate toxicity.
The potential of 89 Zr-immuno-PET in mAb development and applications has been shown for several mAbs directed against membrane receptors (30) (31) (32) (33) , the c-Met receptor included (34) , but also for a mAb directed against a growth factor, that is, bevacizumab directed against VEGF. Like the 89 Zr-aHGF-Nanobodies, 89 Zrbevacizumab showed selective uptake in VEGF-producing xenografts in mice (35) , whereas uptake decreased when VEGF expression was inhibited by treatment with HSP90 inhibitors (36, 37) , indicating a relationship between 89 Zr-bevacizumab tumor uptake and VEGF expression. What is more, 89 Zr-bevacizumab biodistribution could be imaged quantitatively and at excellent resolution, and in the mean time clinical trials have been started with 89 Zr-bevacizumab, as a follow-up of singlephoton emission computed tomography (SPECT) studies with 111 In-bevacizumab in patients with melanoma (38) . Although the performance of immuno-SPECT is less optimal than of immuno-PET, in these latter studies all known melanoma lesions were detected with VEGF-SPECT. In analogy, 89 Zr-immuno-PET might be supportive in the clinical development of the aHGFNanobodies.
To further improve the therapeutic potential of aHGFNanobodies, formatting into multitargeting Nanobodies might be an appealing option. Among others, linking aHGF-Nanobodies to our recently described aEGFRNanobody 7D12 might be promising (17) . Like other researchers postulated; combination therapies are needed to overcome acquired resistance to inhibitors of signal transduction pathways. For instance, as recently described in lung tumors, resistance to the small-molecule epidermal growth factor receptor (EGFR) inhibitors gefitinib and erlotinib might be achieved through amplification of the c-Met gene (39) . By combining aHGF and aEGFR units within one Nanobody construct, simultaneous blockage of both the EGFR and c-Met/HGF signal transduction pathways might result in improved therapeutic effects.
In summary, the results presented in this study showed that the Nanobodies 1E2-Alb8 and 6E10-Alb8 are capable of selectively targeting HGF-producing tumors. Furthermore, treatment of U87 MG-bearing mice with these Nanobodies resulted in inhibition of tumor growth and ultimately caused cures, indicating the therapeutic potential of aHGF-Nanobodies as cancer therapeutics in humans.
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